Introduction
The prolonged usage of vibrating hand-held tools, in an operator s daily work routine is associated with the development of hand-arm vibration syndrome (HAVS). Vibration-induced finger damage and disorders are recognised as a major aspect of HAVS (Griffin, 1990) , and the fingers are important substructures within the hand-arm system. The evaluation of anti-vibration (AV) gloves should be partly based on the amount of vibration reduction on the fingers (Paddan et al., 2001) . However, mainly due to technical challenges, the measurement of the vibration transmissibility of the AV gloves at the fingers has been very limited (Griffin et al., 1982; Paddan et al., 2001) . Possibly for similar reasons, the AV glove evaluation standard uses the vibration transmissibility of the glove on the palm of the hand and in the forearm direction (ISO 10819, 1996; but not on the fingers. This standard does not directly attempt to resolve the challenge of vibration attenuation at the fingers. However, the original version included criterea which required that any AV glove had to be a full-finger glove with similar materials and thickness at both the palm as well as the fingers (ISO 10819, 1996) . Subsequently, the required thickness of the glove material at the fingers has been relaxed from 100% to greater than or equal to 55% of the thickness of the palm in the revised version of the glove standard (ISO 10819, 2013) .
The measurement of the vibration transmissibility of gloves can be affected by many factors, such as: variability between and within subjects (Hewitt 1998; Paddan et al., 2001) , controlling feed and grip forces, test rig behaviour, and temperature. One previous study has investigated the effects of several variables on measuring vibration transmissibility of gloves; it has found that misalignment of the palm-adaptor can reduce the measured transmissibility by approximately 20%. Other variables include inter-subject variability (±10%), temperature variation (±4%) and controlling feed forces( ±4%) (Hewitt 1998 ).
Measurements of glove transmissibility at the fingers are limited and require more research (Paddan et al., 2001 ). One of the existing methods uses a finger-adaptor (similar to the standard palm-adaptor) method to measure the glove transmissibility at the fingers. Unfortunately, the effectiveness of transmissibility measured using this method can be overestimated for assessing gloves due to a number of factors including: the difficulty of using the adaptor inside the glove; and the effective mass of each finger being small compared to that of the palm. Also, the geometry and the mass of the finger is relatively small when compared to the probable geometry and mass of the finger-adaptor. The effectiveness with which gloves reduce the vibration transmission at the finger would be better if the transmissibility was measured reliably (Welcome et al., 2014) . Further, the vibration transmissibility measured at the finger can vary depending on the location of the measurement on each of the fingers (Welcome et al., 2011) . It is therefore difficult to use the finger-adaptor method to evaluate the transmissibility distribution reliably.
Additionally, the glove transmissibility at the fingers can be indirectly estimated by measuring vibrations for gloved and un-gloved fingers (Cheng et al., 1999; Paddan et al., 2001) . A modelling study indicated that using a relative method is acceptable for estimating the transmissibility at the finger-glove interface (Dong et al., 2009) . However, using the finger-adaptor method may change the geometry of the finger which may affect the dynamic properties of the finger and produce unreliability in measurement (Concettoni et al., 2009 ).
Several recent studies have used a 3-D laser vibrometer for measuring the transmissibility at the back of the fingers, and using such a technique reduced the unreliability associated with the use of the finger adaptor method (Welcome et al., 2011; Dong, 2013; Welcome et al., 2014; Welcome et al., 2015) . However, no in-vivo experimental method has been established that directly measures the vibration responses inside the soft issues of the hand-arm system (ISO 5349-1, 2001; Wu et al., 2010) ; their evaluation remains dependent on modelling, and the accuracy of the models is based on how accurate the data is which is used.
Finite element modelling (FE) is considered to be the best method for providing detailed biodynamic responses inside the soft tissues of the entire system, and several studies have investigated the FE model that replicates the biodynamic responses of the human finger to vibration (Wu et al., 2007; Wu et al., 2008; Wu et al., 2010; Wu et al., 2015) .
The mechanical properties of human skin differ and can be influenced by a number of factors including hydration, age and anatomical structure (Derler et al., 2007; Shao et al., 2009) . This variability creates a complication when attempting to obtain consistent and reliable results from individuals. To achieve a reliable measurement which produces the mechanical behaviour of human skin, such as the friction and stiffness properties of human skin, synthetic models of a fingertip have been created for experimental use (Derler et al., 2007; Shao et al., 2009 ), but none of these studies have included vibration transmission.
Several materials have been investigated for replicating human skin and soft tissue structures at the fingertip. In a previous study a synthetic model was created using polyvinylsiloxane (Ramkumar et al., 2003a; . Another study has used various silicone and polyurethane materials as mechanical friction equivalents to the skin, and a polyurethane-coated polyamide fleece with a surface structure was found which is like that of skin and demonstrated the best friction correspondence to human skin in dry conditions (Derler et al., 2007) . A recent study has used 101RF silicone rubber (cured hardness: 30 Shore A) to replicate the mechanical properties of the anatomical construction of the real fingertip. The results show that a synthetic fingertip that utilised only pure silicone showed a difference in friction behaviour when compared to the real fingertip. However, the soft multi-layer synthesis fingertip was found to be closer to the real one (Shao et al., 2009 ).
This present study was designed to develop and test a new physical model for assessing finger-transmitted vibration that can replicate the mechanical and vibration behaviour of the real human finger at room temperature.
Materials

Materials analysis
Two types of material were selected for analysis. Room-temperature curing silicone gel based on polyorganosiloxanes (Magic Power Gel, from Raytech, see Table 1 for details) was used to replicate subcutaneous tissues while latex (Liquid Latex Rubber, from Polycraft) was used to replicate the outer layer skin (the dermis and epidermis). Two cylindrical specimens of silicone gel were prepared with two different mixing ratios by volume. One cuboid specimen of latex was cut from a cured sheet. A summary of the properties of the specimens is provided in Table 2 Dynamic Mechanical Analysis (DMA) was conducted to study the mechanical properties Young s modulus and loss factor) of the selected material specimens and to investigate their sensitivity to temperature amd amplitude changes. This information was used to determine the optimum mixing ratio of the silicone gel parts (base and catalyst) to provide a similar stiffness to that of the real human tissues.
DMA was performed using a Metravib Viscoanalyser, as shown in Figure 1 (a). The installation of each specimen varied, depending on the design of the specimen. Each of the silicone gel specimens (1:1 and 1:2) was inserted between compression plates that were located in an analyser chamber as shown in Figure 1 (b), whilst for the latex sheet specimen two clamps were used instead (see Figure 1 (C) ). Specimens were subjected to sinusoidal loading and the resulting force and displacement traces used to find the Young s modulus and loss factor.
Each specimen was subjected to a strain sweep test at room temperature followed by a temperature sweep test. For the strain sweep test, each specimen was tested under different dynamic strain amplitudes at room temperature, whilst the temperature test was conducted under a fixed dynamic strain amplitude over a range of temperatures. The temperature of the specimen was measured using a thermocouple located inside the chamber. First, the chamber temperature was cooled down using liquid nitrogen until the target temperature was obtained, and then the specimen was subjected to sinusoidal loading with a selected dynamic strain. A frequency of 10 Hz was selected for all the tests and the specimens. The selection of the frequency was dependent on the calibration of the machine that showed the best dynamic response at 10
Hz and specimen size. The testing parameters are shown in Table 3 . In order to check the consistency of the silicone gel (Power Magic Gel) over time, the specimen of mix ratio 1:2 was retested under the same condition after 30 days. The 1:1 specimen was damaged during removal from DMA machine and this was not suitable for re-testing.
Geometry and parameters of an artificial finger (AF)
The anatomy and mechanical properties of the human index finger were considered in order to develop a physical model of the finger. The structure of the human finger is shown in Figure The Young s modulus of tissues in the human finger was previously defined: for a bone (E =1.5×10 9 Pa), subcutaneous tissues (E =3.4×10 4 Pa) and skin, including (epidermis and dermis) (E =1.36×10 5 Pa) (Wagner et al., 2008) . In the present study a polypropylene rod (nylon), 8 mm in diameter, provided by Plastic Direct Ltd, UK, was used to make artificial phalanx bones that had a Young s modulus similar to that of human phalanx bones (1.5 ×10 9 Pa).
Development and manufacture of an artificial finger (AF)
Silicone gel with a mixing ratio of 1:1.013 was used to replicate the subcutaneous issues at room temperature. This mixing ratio was found using linear interpolation between the two values obtained from First, three polypropylene phalanx bones were prepared with three different lengths to replicate the length of the distal, middle and proximal phalanxes (15.82, 22.38 and 39.78 mm) (Alexander et al., 2010) . These bones each had a 1.5 diameter hole along its axis, which made it possible to join them using nylon line (250 lb fishing line, 1.5 mm in diameter, from Blog Action Outdoor Ltd) . Once positioned with the correct spacing between them that allowed bending but ensured the exact length of all three phalanxes togther, the bones were bonded to the line using cyanoacrylate adhesive (Krazy glue). The joined phalanx bones were them installed inside a metal mould (with inner diameter of 20 mm) prepared for this study. The metal mould had aluminium end-plates with 1.5 mm holes through which the nylon line joining the bones was anchored.
The holes were offset 4 mm from the centre of the cavity to match the geometry of human finger (see Figure   2b ).
The silicone components (at a ratio of 1:1.013) were mixed for about 1 minute. The resulting mixture was degassed within a degassing chamber until it was clear and transparent (bubble-free), and then poured into the mould and cured for 10 minutes. After that, the model was safely removed from the mould.
In order to study the effect of the thickness of the skin layer on both the static and dynamic behaviour of the finger model, five artificial models of the finger (AF) were produced: four of them used the same protocol utilised earlier while one used a 1:2 mixing ratio of silicone components for comparison.
Each of the five artificial models was then painted using liquid latex to replicate the outer layer of the human skin. Because the latex had a Young s modulus that was higher (1.8 MPa) than that of human skin (0.136 MPa), the thickness of the outer layer was varied between the five models. It was found that it was a challenge to obtain an accurate and homogeneous thickness of the outer layer. Therefore, the outer skin layer of the models was imaged using Optical Coherence Tomography system (OCT), from VivoSight, which is usually used for skin research. The images were analysed using a Matlab algorithm (Matlab version R2015a) based on an analysis of the light reflectivity/backscatter profiles (A-scans) to obtain an accurate measurement of the thickness of the outer layer (Maiti et al., 2016) . The characteristics of the artificial models used, are shown in Table 4 . 
Method
Indentation measurements
Seventeen human participants, males aged 21 to 61 were used for the testing, and their characteristics are listed in Table 5 . The experimental design was reviewed and approved by the Research Ethics Committee of the Faculty of Engineering at the University of Sheffield.
The length of the index finger was measured using a ruler with a length of 15 cm, as the distance from the fingertip to the metacarpophalangeal joint of the index finger. The indicative volume of the index finger ( ) was found by assessing an average of the diameters of distal and proximal segments ( ). The volume was calculated using the following equation:
Equation 3.1
In order to study the load-deflection behaviour of the right index finger, a Mecmesin MDD test stand with a digital force gauge (see Figure 3a )was modified to be used horizontally, as shown as in Figure 3b . A Each participant was subjected to a quasi-static loading at the proximal segment of the right index finger as shown as in Figure 5 , b. In order to replicate posture when gripping, the proximal segment was measured with a bent finger. To ensure that all participants maintained the same posture, an aluminium finger supporter was made and attached to the test system (as shown in Figure 5 , b). To remove any friction between the indenter and the skin that might affect the load-deflection behaviour of the finger, a waterbased lubricant (Boots Lubricating Jelly) was applied to the indenter before each individual test began.
Participants were instructed to remain in a relaxed posture during testing but it is possible that different participants with different strength capabilities, may have reacted differently during testing. Future studies will consider this aspect in the testing procedure.
The load-deflection behaviour of each of the five finger models was carried out using the same test rig and protocol that was used for human measurements. However, for the artificial models, the test rig was set up vertically instead, Figure 5 a.
Vibration analysis
Two-Dimensional Finite Element model (2D-FE) of proximal index finger:
The finger segment was considered to be composed of layers representing the skin (including epidermis and dermis), subcutaneous tissue and bone, as shown in Figure 4 . The cross-sections of both the finger itself and the bone were considered circular, with external diameters of 20 and 8 mm respectively, while their centroids were offset by 4.27 mm, based on anthropometric measurement, X-ray and RM imaging (Eliot, 1991; Alexander et al., 2010; Dewangan et al., 2010; Wang et al., 2012) . This offset resulted in the subcutaneous tissue having an asymmetric thickness around the bone. The skin however, was considered to have a constant thickness of 0.8 mm (Wu et al., 2006b; Dong et al., 2008) . In this study, the finger was pressed against a rigid surface and the response to sinusoidal excitation over a range of frequencies obtained at the accelerometer location (the outer top point of the skin layer). The rigid surface was assumed to be aluminium and the contact between it and the skin layer was considered frictionless. As motion across the diameter of the finger was of primary interest, the model consisted of a 2D slice of the finger. Quadratic plane-strain elements (element type: CPE8R) were utilised in the mesh and analysis was conducted using the commercial software Abaqus (version 6.13).
Material properties used in the model are based on previous studies (Wu et al., 2006a; Wu et al., 2006b; Dong et al., 2008; Wang et al., 2011; Wang et al., 2012) as summarised in Table 6 . Both the bone and the aluminium surface were assumed to display isotropic, elastic behaviour. The soft tissues were considered to have linear hyperelastic and linear viscoelastic behaviour. The linear hyperelastic material is a type of constitutive model for elastic material for which the stress and strain relationship derives from a strain energy potential function (Neo-Hooke) whilst the linear viscoelastic material is that for which there is a linear relationship between stress and strain at any given time.
For the soft tissues, the hyperelastic (NeoHooke potential) and viscoelastic (Prony series) (Zheng et al., 1996) material parameters are shown in Tables 7 and 8 ( Wu et al., 2006b ) and were based on data obtained from published experimental work by fitting constitutive models to stress/strain and stress relaxation curves (Zheng et al., 1996; Pan et al., 1998) .
The viscoelastic damping arising from these models is relatively low, with loss factors below 0.01 in the frequency range of interest, as they were originally developed for studying creep rather than vibration behaviour. To represent behaviour within the frequency range (10-400 Hz), structural damping was considered in this FE model for the skin and the subcutaneous tissue and ignored for bone and aluminium in this FE model (see Tables 7 and 8) .
Simulation procedure:
In order to generate the frequency response of the finger pressed against a vibrating surface, the procedure was conducted in two steps. The first step involved a finite-strain, quasi-static analysis in which the nodes at the centre of the bone were pressed by applying a concentrated force that allowed the nodes moving 6 mm towards the rigid surface. This was in order to obtain the static deformation behaviour of the finger model. In this static analysis, the geometry and material nonlinearities were considered, as the model consisted of three different layers. The second step was a steady-state, frequency domain analysis using infinitesimal strain assumptions starting from the state reached at the end of the first step. In this step, the rigid surface was assumed to oscillate over a frequency range from 10 to 400 Hz. The output from this step was the transmissibility at the location of the finger-mounted accelerometer (the outer top point of the skin layer) with reference to the handle. In the physical experiment, the mass of the accelerometer is 0.3 grams.
In the 2D simulation where the cross-section depth used was 1 mm, the accelerometer mass therefore represented as a point mass of 0.06 grams that added to the outer top point of the skin layer.
Results
Results from DMA testing of materials
DMA result for the latex specimen are shown in Figure 5 The latex specimen showed Young s modulus values of around 1.8 MPa, typical of a rubbery polymer, which decreased somewhat with dynamic strains as well as with temperature. The loss factor was almost independent of dynamic strain and decreased slightly as the temperature increased.
The two silicone specimens showed insensitivity in both Young s modulus and loss factors to the dynamic strain levels and temperature changes, see Figure 6 . The silicone specimen with 1:2 ratio (A:B) was about 5 times stiffer than the one with the 1:1 ratio.
The retest results of silicone specimen 1:2 did not show any significant change in the mechanical properties over an interval of 30 days indicates the material is reasonable for medium-term lab use. The values of Young s modulus obtained from the silicone gel materials were found to be within the range of interest )n addition, any effects due to temperature changes within the range 0 to 40 C are now known, which could have implications for conditions of testing and storage.
Stiffness measurements
The results obtained from indentation measurements from the finger model and the human index finger (proximal) were used to determine the stiffness at a given loading force by fitting a 4 th order polynomial to the data and finding its derivative. The loading behaviour of the finger models and the human right index finger are shown in Figure 7 .
The results showed that the artificial models appears to have similar loading behaviour to that in the human finger at low loading force ranging from 0-2 N, except AF5 which was developed with a different stiffness (5 time stiffer) for comparison. The AF3 model was found to be the closest to the human finger. It should be noted that the load-displacement behaviour for the finger models was found to vary among artificial fingers with similar stiffness of soft tissues, with the differences mostly depending on the skin thickness of the finger and the loading variance. Table 9 shows the stiffness measured at loading forces of 5 and 10 N, for all five artificial fingers, as well as that obtained from human measurement. At the loading of 5 N, the stiffness was approximately two to three times lower in the artificial fingers than in that of the human proximal finger segment and about three to five times that of the human distal. The AF5 model was the stiffest due to the higher mixing ratio for the gel layer. The stiffness at the proximal was found to be doubled when the loading force of 10 N was applied.
However, for the artificial models the stiffness increased by about double for all the fingers. This was mostly due to the geometry of the artificial finger layers which were designed as a uniform cylinder, which allowed an easier deflection than the human finger.
2D FE model validation of parameters from tested materials:
In this section, the FE model of the finger was used to validate the vibration behaviour of the artificial finger.
The dynamic response was carried out for an FE model of the finger that used properties of the human finger (original FE model), followed by an FE model that used the properties of tested materials that were used to develop the artificial finger (latex and silicone gel). Both models were pressed from the bone towards the rigid surface by 6 mm in order to simulate the effect of the maximum gripping on fingertransmitted vibration. The transmissibility measurement showed that both FE models were found to have similar behaviour at frequencies up to 120 Hz. The FE model that simulated human data was found to resonate at a slightly lower frequency to the FE model that used the tested materials (190 and 198 Hz respectively This is possibly due to Young s modulus of the skin layer latex being about eighteen times higher than that of human skin. However, the peak was higher for the tested material properties than for that of the human tissue properties of finger indicating that the loss factors of human tissue (0.6) is higher than that found for latex (0.04). Figure 8 shows the mode shapes of both FE models (human and tested materials), at the peak frequency and 400 Hz. In general, the strain distribution at resonance frequency appeared around the soft tissues of both models and was higher for the human one. At 400 Hz, the strain was found to be high at the finger sides. The skin layer was affected in the human model, unlike in the material model (see Figure 8 b) where the skin layer was not dynamically affected. As mentioned earlier, the material used in order to replicate the skin was eighteen times stiffer than the human skin. Also, both FE models at all conditions showed that the main artery regions of the finger (below the bone centre, at either side) were found to be most affected by vibration, which was considered to be one of the factors that may lead to vibration-induced white finger. 
Discussion
Some studies have attempted to use artificial systems to replicate the mechanical behaviour of the human fingertip and have investigated many materials for the purpose of friction measurement and Young s modulus effects (Ramkumar et al., 2003a; Shao et al., 2009) . To date, however, no experimental protocol has been developed to measure the effect of transmitted vibration into the soft tissues of the finger, using an artificial test-bed.
This study investigated two types of material (latex and silicone gel) in order to obtain similar mechanical properties to those of the real finger including the Young s modulus and loss factors and to discover how these properties can be affected when subjected to different strain rates and temperature change.
The DMA data obtained from testing represented the mechanical behaviour of the tested materials. The
Young s modulus represents how the energy can be stored by materials under loading conditions and how it affects the dynamic stiffness of materials tested. The loss factors represent the ratio of the energy dissipated to that stored and affect the damping properties of the materials specimens (ISO 6321-1, 1996) .
DMA data obtained from two silicone specimens showed that the Young s modulus was within the range of interest and this was stable over a medium term for a range of dynamic strains and temperatures. Results allowed the appropriate mixing ratio to be selected in order to replicate the subcutaneous tissues of the human finger.
Even though the DMA data obtained from the latex specimen showed that its Young s modulus was considerably higher than that of the outer layer of skin, it was found to be the best material for replicating skin as it has the strength required and can adhere to other surfaces such as silicone gel. It was also found useful in keeping all parts of the finger model enclosed. The problems associated with the higher Young s modulus of latex material was reduced by decreasing the thickness of the skin layer.
The results obtained from FE modelling of the finger showed skin stiffness can affect the vibration behaviour of the finger. At resonance frequency the highest strain region was near location of the main arteries. This effect was higher for the human finger model than the artificial finger model. This indication was reported to be one of the factors that are linked to the occurrence of VWF syndromes.
It is hypothesised that the differences in transmissibility between the finger models and the human finger could be because the loss factors of the human tissues are higher than the gel, and the stiffness of the system is probably nonlinear (Kitazaki et al., 1995) . Indicating that further work are required in order to validate vibration behaviour of the artificial model of the finger, using the human subjects.
This study provided a new protocol for developing and assessing the artificial test-bed of the finger to replicate the load-deflection behaviour of human finger, but with some limitations that need further examination including the difficulty to produce a homogenous thickness of the outer latex layer of the finger model. The latex material used was found to be about eighteen times stiffer than human skin. Thus, further alternative materials could be investigated to find a material that has mechanical properties closer to that of human skin. Also, the FE modelling to study the parameters of materials of both the human and the artificial finger included a simplification of assumed symmetry. It is recommended these should be analysed further using 3D FE modelling of the finger s geometry in different sizes. This will provide a good comparison of the parameters, which may help in the design of future finger models.
Conclusions
The results show how DMA testing of the materials can be used to help in developing a reasonable physical model by finding a material with low sensitivity to temperature and dynamic strains. This technique allows the investigation of materials to replicate the mechanical behaviour of the human finger. The indentation measurement of the finger model showed the load-deflection behaviour was found to be within the range of that of the human finger.
A protocol for developing a reasonable artificial model to replicate the mechanical behaviour of the human finger has been established and can now be used in future experiments for assessing finger-transmitted vibrations. The model finger AF3 was selected as the best model for replicating loading behaviour similar to that found from human measurements.
The 2D FE modelling of the proximal finger segment used allows a good comparison between an FE model of the human finger and the artificial finger. This also provided a good understanding of finger-transmitted vibration and showed that the strain was found to be high around the artery regions of the finger.
This synthetic test-bed and protocol can now be used in future experiments for assessing fingertransmitted vibrations. It can help in assessing anti-vibration glove materials without the need for human subjects (which can sometimes be difficult due to ethical issues) and provide consistent control of test parameters such as grip force. Crucially, it also allows vibration to be measured inside the soft tissues. Mode shapes of FE models at resonance frequency and 400 Hz, during a deflection of 6 mm toward the handle: a) when human tissue parameters were applied; b) using parameters from tested materials
